A study of published literature and information from piezoelectric ceramic vendors and underwater sound transducer designers has been undertaken to establish mechanical and electrical operating limits for transducers. It appears that operation up to 3.9-5.9 kV/cm (10-15 V/mil) rms and 69-103 MPa (10-15 kpsi) peak compression is achievable in practical sonar transducers.
INTRODUCTION
An extensive study has been conducted to determine the safe upper operating electrical and mechanical stress limits for piezoelectric ceramics, specifically on U.S. Navy type I and III piezoelectric ceramics • under high mechanical stress and electrical drive conditions. This piezoelectric ceramic survey takes on particular importance with the advent of newer high-power materials such as the magnetostrictive ma- 
II. SONAR TRANSDUCER DESIGNERS
The summaries here are written without listing the exact company or company source of the transducer designers, to avoid any potential proprietary difficulties. Each paragraph is from a particular individual. Unless otherwise specified, the comments usually refer to type III ceramic because it can typically be driven harder than type I. Some notes given below are paraphrased rather than exact quotes.
' 'We have not used type I ceramics for full power applications. For type III, we use the 3.9 kV/cm (10 V/rail) as the maximum E field. We have also found that precompression at 69 or 138 MPa (10 or 20 kpsi) both work well, we do not experience any substantial creep, and we find that the properties of the ceramic change very little at both of these stress levels. We have also heard stories of getting up to 9.8 kV/cm (25 V/mil) E field using a low duty cycle. We have tested materials up to these levels but the results depend on the material processing. ' 'We have driven actual designs up to 7.8 kV/cm (20 V/mil) for type III materials, in 33 and 31 drives both for cylindrical transducer ceramics. The ceramics were encapsulated, and the pulse lengths were up to 200-300 ms.' 'For type I ceramic transducers, we drive at between 2.4 and 3.9 kV/cm (6 and 10 V/mil), and use 55-69 MPa (8-10 kpsi) prestress. We adopt the parameters for ceramic drive and stress from Wilson's book. Is' 'In one particular transducer design using PZT-4 (type I), we have run up to 3.5 kV/cm. For long-term use we allow for up to a 20% duty cycle.' 'For type III ceramics, we drive up to 2.8 kV/cm (7 V/mil), but we could drive at higher levels if needed. Using a stress bolt, we apply about 34 MPa (5 kpsi) prestress on the ceramic. We have also experienced cracking in the ceramic for higher prestress values. I have also seen drive levels used of up to 5.9 kV/cm (15 V/mil) at another firm. ' 'On one design, we have driven up to 4.7 kV/cm (12 V/mil) E field. In the past 3.9 kV/cm (10 V/mil) has been the customary limit, and 2.7 kV/cm (7 V/mil) has been a typical working value.' 'For type III ceramic transducers, we had to be very careful with the electrodes. The max drive level was about 3.9 kV/cm (10 V/rail), and we were very comfortable with 3.1 kV/cm (8 V/mil). We also experienced corona problems around the connectors at higher drive levels.' 'We drive some transducers up to 3.9 kV/cm (10 V/rail) and can possibly allow 4.7 kV/cm (12 V/mil) with manufacturing process control. Compressional stress is typically around 6.9 MPa (10 kpsi), but possibly up to 83 MPa (12 kpsi). Compression stress needs to be high enough to allow for long-term creep effects in the transducer. We assume that the dynamic ceramic stress will be approximately between 20% to 30% of the static precompression in the ceramic. We have also gone to 207 MPa (30 kpsi) compression prestress in certain transducer designs.' 'For type I ceramic, our limit is 2.0 kV/cm (5 V/mil). For type Ill ceramic, the limit is 3.9 kV/cm (10 V/mil). For precompression, at ambient conditions, we use 55 MPa (8 kpsi) max for type I and 69 MPa (10 kpsi) max for type lII. We also avoid tensile stresses above 14 MPa (2 kpsi) in the ceramic. ' 'For low duty cycles we allow 3.9 kV/cm (10 V/mil) for PZT-4 and 5.9 kV/cm (15 V/mil) for PZT-8. For CW use we use half of these values. We also compress PZT-4 up to 83
MPa (12 kpsi).'
'We use Ralph Woollett's 1979 data as a guide: up to 3.9 kV/cm (10 V/mil) for the E field, and maximum compression stress of 69 MPa (10 kpsi). We also allow for 21 MPa (3 kpsi) dynamic stress under driving conditions. I think that 4.7 kV/cm (12 V/mil) is certainly possible with "clean room" manufacturing conditions.' 'Several designs have been driven to 4.7 kV/cm (12 V/rail) E field without problems, and some have been tested to about 5.9 kV/cm (15 V/rail) when arc-over and/or corona occurred; the ceramic can certainly handle up to 5.9 kV/cm (15 V/rail) for type III. The big problems associated with high E field are corona and arc-over, and these are mostly due to manufacturing-related difficulties. These drive levels also assume that the duty cycle is sufficiently low to avoid dielectric heating and thermal runaway. If the arc-over and corona were not issues (i.e., using excellent transducer construction) then type III might be able to withstand 5.9-7.9 kV/cm (15-20 V/mil). Mechanically, the compressive prestress used are order-of-magnitude 69 MPa (10 kpsi), and we always try to avoid any tension in the ceramic. ' 'For pulsed operation, we use up to 3.9 kV/cm (10 V/mil) on one particular design. Beyond that, we have experienced cable failure at high fields. We allow 83 MPa (12 kpsi) for the maximum combined static and dynamic stress.' 'Up to 3.9 kV/cm (10 V/mil) has been used for PZT-8 (type Ill), and we have not seen PZT-4 (Type I) used in several years! A recent specification said we could use up to 5 kV/cm (12.7 V/rail), but we considered that this was too high a value to use. We allow dynamic peak stress up to 41 MPa (6 kpsi), and static compression up to 83 MPa (12 kpsi).
We have also found that bender transducers can go negative (will safely allow a small amount of tension stress).'
'E field limitation of 3.9 kV/cm (10 V/mil) is too conservative; type III can be driven at higher E fields than 3.9 kV/cm (10 V/mil) without substantial problem. General rules and comments: never let transducer ceramic go into tension; we have never crushed any ceramic, but depolarization due to strictly compression is severe above (roughly) 552 MPa (80 kpsi), so avoid compressive stress above 276 MPa (40 kpsi) (e.g., mechanical assembly) using a factor-of-2 rule.'
'As an upper limit, we impose 3.9 kV/cm (10 V/mil) on our E fields.'
'Several years ago, and for a PZT-8 design, we allowed up to 2.4 kV/cm (6 V/rail). ' 'In one design using PZT-4, we have used a 62 MPa (9 kpsi) static compression preload. Typically we will exceed 2 kV/cm (5 V/mil) by a bit for PZT-4, but this leads to a short 
III. DISCUSSION
A feature that emerges from study of the literature is that there was a high level of activity and publication during the 1960s in driving ceramics at high voltage levels. The activity appeared to nearly cease after 1973. It is also noteworthy that much more of the published work explored type I ceramic rather than type III, even at drive levels up to 9.8 kV/cm (25 V/mil) rms. Chronologically the study of the mechanical strength of both ceramic types has progressed in a fairly steady manner. Some of this data is summarized in Table I and suggest that electric fields as high as 5.9 kV/cm (15 V/mil) and compressive stress as high as 138 MPa (20 kpsi) are possible. An important point to note is that this data is often either from small pieces of ceramic or from small, nonproduction transducers.
The data shown in Fig. 1 
